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More than half of the known keratin genes (n 50) are
expressed in the hair follicle. An in-depth knowledge of
their di¡erential expression in this organ will help us to
understand the mechanisms of its formation and cy-
cling, and the etiology of inherited hair disorders. Ker-
atin 6hf is a type II keratin recently shown to occur in
the companion layer. We cloned the mouse ortholog
and characterized its expression in skin and oral muco-
sa. The mK6hf gene is 9.1 kb long and located in the
cluster of type II keratin genes on mouse chromosome
15, between the keratin 6 (mK6a/mK6b) and hair keratin
genes. In situ hybridization and protein immunolocali-
zation showed that, in addition to the companion layer,
mK6hf is expressed in the upper matrix and medulla of
the anagen-stage hair. This distribution is seen for all
types of mouse hairs and medullated human hairs. The
distribution of keratin 6hf protein in the hair shaft mir-
rors that of keratin 17, and the observation of reduced
levels of keratin 6hf in keratin 17 null hair argues for
a direct interaction between them. mK6hf is also ex-
pressed in the nail bed epithelium and fungiform papil-
lae of dorsal tongue epithelium. Our ¢ndings provide
an additional marker for the hair matrix and medulla,
and suggest that the cellular precursors for the medulla,
cortex, and cuticle compartments are already spatially
segregated within the hair matrix. They also have
obvious implications for the epithelial alterations asso-
ciated with defects in keratin 6 genes. Key words: hair/
hair cycle/intermediate ¢lament/keratin/skin. J Invest Derma-
tol 121:1276 ^1282, 2003
K
eratin proteins are encoded by a large family of con-
served genes, with approximately 50 functional loci
in mammalian genomes (Coulombe et al, 2001;
Hesse et al, 2001). Functional type I and type II ker-
atin genes are clustered on the long arms of human
chromosomes 17 and 12, respectively, and their protein products
heteropolymerize to form intermediate-sized ¢laments in the cy-
toplasm of epithelial cells. Because of their di¡erential regulation,
monitoring keratin gene expression provides a most e¡ective
means of tracking di¡erentiation within epithelial tissues. In hair
follicles alone, for instance, at least 14 type I and 13 type II keratin
genes are expressed in one or more of the multiple compartments
making up the organ (Langbein et al, 1999, 2001, 2003). Yet the
signi¢cance of the molecular diversity and di¡erential regulation
of keratin proteins, in hair follicles as well as in other tissues, re-
mains largely unknown. The presence of a keratin ¢lament array
enables epithelial cells to withstand mechanical and other forms
of stress (Coulombe and Omary, 2002). Accordingly inherited
mutations in keratin genes are responsible for a large array of tis-
sue fragility disorders, each involving speci¢c cell types within
skin and other complex epithelia (Fuchs and Cleveland, 1998;
Coulombe and Omary, 2002; Porter and Lane, 2003). Additional
functions for keratin proteins, including the modulation of sig-
naling through speci¢c receptors, are emerging as well, although
they are typically manifested in a cell-type and context-depen-
dent fashion (Coulombe and Omary, 2002).
In human skin, the type II keratin 6hf (K6hf) has been de-
scribed as being speci¢cally expressed in the companion layer of
the hair follicle (Winter et al, 1998). This distinct compartment
consists of a single layer of £attened cells located at the interface
between the outer root sheath, a strati¢ed epithelium contiguous
with the epidermis, and the inner root sheath, a three-layered
compartment located between the companion layer and hair shaft
(Rothnagel and Roop, 1995; Winter et al, 1998; Langbein et al,
2002). Wojcik et al (2001) discovered the mouse ortholog while
characterizing a mouse strain carrying a null mutation for both
mK6a and mK6b, which encode ‘‘conventional’’ K6 proteins (see
Discussion). Depending upon the genetic strain background, K6a/
K6b null mice die within 5^10 d after birth owing to massive
blistering within the oral mucosa, revealing a crucial sca¡olding
function for K6a/K6b in the epithelium of the dorsal tongue and
upper palate (Wong et al, 2000; Wojcik et al, 2001). Based upon
their study Wojcik et al (2001) proposed that K6hf may account
for the surprising lack of hair and nail involvement in the subset
of K6a/K6b null mice able to survive in the mixed genetic back-
ground they utilized in their study. In striking contrast, indeed,
marked dystrophy of the nail, along with alterations in several
other epithelial appendages, are cardinal features of pachyonychia
congenita, a dominantly inherited condition resulting from mu-
tations in either hK6a or hK6b (Bowden et al, 1995; Smith et al,
1998). Given our interest in K6 function (Takahashi et al, 1995,
1998;Wong et al, 2000), we decided to further investigate mK6hf
in wild-type and in K6a/K6b null mouse tissues. We report
here that in addition to the companion layer, mK6hf mRNA
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and protein occur in the upper matrix and the medulla compart-
ments of the hair shaft in anagen-stage pelage and vibrissae folli-
cles. In the oral mucosa, mK6hf is not expressed in ¢liform
papillae but does occur in fungiform papillae of dorsal tongue
epithelium. Moreover, K6hf is also expressed in the medulla of
human hairs. Finally, we provide evidence that mK6hf and
mK17 interact directly to form keratin ¢laments in the hair shaft.
When interpreted in the context of the literature, our ¢ndings
con¢rm that the cellular precursors for the medulla, cortex, and
cuticle compartments of the hair shaft are already spatially segre-
gated within the hair matrix (Langbein et al, 2002, 2003). They
also have implications for the phenotypic alterations associated
with defects in conventional K6 proteins in human and in
mouse, and for the clinical presentation of patients who would
su¡er from defects in K6hf.
MATERIALS AND METHODS
Animals and tissues All studies involving animals were approved by
the Institutional Animal Care and Use Committee at the Johns Hopkins
University School of Medicine. Wild-type 129/SvJ mice were purchased
from Jackson Laboratories (Bar Harbor, ME). A mouse strain carrying a
null allele at the K6a/K6b locus was described previously, along with the
genotyping strategy (Wong et al, 2000). The null allele was transferred to
the inbred 129/SvJ background by mating the original chimeric males with
wild-type SvJ females. To monitor DNA synthesis in living skin, 6-d-old
pups were injected intraperitoneally with bromodeoxyuridine (BrdU;
Sigma Chemical, St Louis, MO) 2 h prior to sacri¢ce. Tissues were
processed, and analyzed as described previously (Paladini and Coulombe,
1998). Human scalp specimens, taken for medical reasons unrelated to this
study, and plucked beard hairs were also used for experiments.
Antibodies Two peptide-based polyclonal antisera were produced in
rabbits. The ¢rst peptide, NH2-CSSSTIKYTT-COOH, is designated
K6gen (gen stands for general) and is perfectly conserved in all
‘‘conventional’’ human and mouse K6 isoforms (Takahashi et al, 1995, 1998).
The K6gen peptide antiserum has been described before (McGowan and
Coulombe, 1998a). The second peptide, NH2-CTTTSSSKKSYRQ-
COOH, is designated K6a, and corresponds exactly to the C-terminus of
mouse K6a (Roop et al, 1984;Takahashi et al, 1998). For both peptides, a Cys
residue was included at the N-terminus of the peptide for the purpose of
coupling to the hapten keyhole limpet hemocyanin (Pierce, Rockford, IL).
Rabbits were immunized and bleeds obtained as per the manufacturer’s
procedures (Covance, Richmond, CA), and tested as reported here. Other
antibodies used include a rabbit polyclonal anti-K17 (McGowan and
Coulombe, 1998a), a guinea pig polyclonal antihuman K6hf (Winter et al,
1998), and mouse monoclonals directed against type I hair keratins (Lynch
et al, 1986), K8/K18 (Chou et al, 1983) and BrdU (Sigma). Fluorochrome-
conjugated goat antirabbit and antimouse antibodies were obtained from
Kirkegaard and Perry Laboratories (Gaithersburg, MD), whereas
antiguinea pig antibodies were obtained from Molecular Probes (Leiden,
The Netherlands).
cDNA and genomic cloning, and database searching We searched
the mouse chromosome 15 sequence, where the cluster of functional type
II keratin genes is known to reside (Compton et al, 1991), at the Mouse
Genome Sequencing Consortium website (www.ensembl.org). Ensembl
is a joint project between EMBL-EBI and the Sanger Institute to develop
a software system that produces and maintains automatic annotation on
eukaryotic genomes. The region of mouse chromosome 15 found to
contain mK6hf (RIKEN 4732468K03), along with the other type II
keratin genes mapped in this study, was located in a fragment
encompassing base pairs 101 479 460 and 102 479 460. After assigning
the 50 and 30 boundaries of the mK6hf genomic loci, we designed
oligonucleotide primers to obtain a partial cDNA clone encompassing
the entire protein coding sequence of the corresponding mRNA: for-
ward, 50 -GGATCCATCCATGGCCCGGCAATCCACCATCACCTTCC-30;
reverse, 50 -CGGATCCAGGCATCGGAGCAGTGGCAAGGGAGACT-30.
In each case, the underlined sequence represents BamH1 restriction sites
for the purpose of subcloning. RT-PCR was performed on total RNA
prepared from 12-d-old wild-type 129/SvJ mice. The following parameters
were applied during PCR: 2 min at 941C, followed by 30 cycles of 1min at
941C (denaturation), 1 min at 601C (annealing), and 2 min at 721C
(elongation). The approximately 1.7 kb amplicon obtained was subcloned
in the pGEM-T Easy vector (Promega, Madison, WI) and sequenced.
Translation of the open reading frame gave rise to an amino acid sequence
identical to that of mK6hf (Wojcik et al, 2001). Further validation of the
mK6hf coding sequence was done via comparison with entries available at
the NCBI nucleotide database (Accession nos. AF343088 and NM_133357).
The cDNA clone was then used as a template to analyze the virtual
genomic clone obtained as described above. The mK6hf coding sequence
was then subcloned into plasmid pET-3d (Studier et al, 1990) for express-
ion in bacteria (see below).
Three kilobase pairs of 50 upstream sequence for the mK6hf were
obtained as described above. We used the cDNA sequence available
for mouse trichohyalin (Accession no. XM_195464) to localize the
corresponding gene on chromosome 3 (Accession no. AC123859, clone
RP23-346B13) and obtain 2 kb of 50 upstream sequence. A similar
strategy was used to obtain 2 kb of 50 upstream sequence from the
SH3d19 gene, also located on chromosome 3 (Accession no. NT_039234),
using the published cDNA (Accession no. D89677; see Shimomura et al,
2003) as the virtual probe.
Protein analyses Plasmids pET-hK5 (h stands for human), pET-mK6a,
pET-mK6b, and pET-mK6hf (m stands for mouse) were transformed into
the Escherichia coli strain BL21(DE3), which contains an inducible T7 RNA
polymerase gene, to produce large amounts of recombinant protein.
Partially pure preparations of keratin proteins were obtained in the form
of inclusion bodies isolated directly from bacterial cells as described
previously (Coulombe and Fuchs, 1990). All recombinant proteins
corresponded to wild-type sequences, and did not carry extraneous
elements. Preparations were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the gels were either
counterstained with Coomassie Blue or electroblotted onto Protran
nitrocellulose membrane (Schleicher and Schuell, Keene, NH) for western
immunoblotting. After rinsing and blocking in 5% nonfat dry powder
milk, membranes were incubated with primary antibody. After several
rinses, bound primary antibody was revealed using either enhanced
chemiluminescence (Pierce, Rockford, IL) or alkaline-phosphatase-based
(Bio-Rad, Hercules, CA) detection methods. Total urea-extractable
proteins were prepared from hair clippings obtained from wild-type and
K6a/K6b null skin grafts as described previously (McGowan and
Coulombe, 2000; Wong and Coulombe, 2003). The protein samples were
analyzed by SDS-PAGE, Coomassie staining, and western immuno-
blotting as described above.
Morphologic analyses Immunolocalization of protein antigens
(McGowan and Coulombe, 1998a; Langbein et al, 2003) was done by
indirect immuno£uorescence on sections prepared from fresh frozen
tissues embedded in OCT compound (Sakura Finetec, Torrance, CA).
In situ hybridization (Mazzalupo and Coulombe, 2001) was performed
on frozen sections prepared from formaldehyde-¢xed, OCT-embedded
tissues. Digoxigenin-labeled sense (control) and antisense probes (421 bp)
corresponding to exon 9 of mK6hf were hybridized to sections. After
several washes, bound probe was revealed by alkaline phosphatase activity
according to the manufacturer’s instruction (Bio-Rad Laboratories,
Richmond, CA). The template for probe synthesis corresponds to the
C-terminal tail domain and the entire 30 noncoding region.
Transient transfection assays Keratin cDNA were subcloned in a
cytomegalovirus-promoter-containing plasmid vector for mammalian
expression studies (pBK-CMV; Stratagene, La Jolla, CA). PtK2 cells,
which originate from rat podoroo kidney epithelium, were maintained in
culture as described previously (American Tissue Culture Collection,
Rockville, MD). Transient transfection was performed using the
polyethylenimine (Aldrich, Milwaukee, WI) method as described
previously (Bousquet et al, 2001). Cells were methanol-¢xed at 48 h after
transfection and processed for double-immuno£uorescence labeling
(Bousquet et al, 2001).
RESULTS
Identi¢cation and characterization of mK6hf Starting from
the published amino acid sequence for mouse K6hf (Wojcik
et al, 2001; Poirier et al, 2002) and the knowledge that the cluster
of type II keratin genes is located on mouse chromosome 15
(Compton et al, 1991), we searched a publicly available mouse
genome database (www.ensembl.org) to obtain the sequence of
full-length mK6hf. Thereafter, oligonucleotide primers were
designed to amplify the complete nucleotide coding sequence of
mK6hf by RT-PCR. DNA sequencing of the approximately
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1653 bp long amplicon obtained revealed that it codes for a protein
that is identical to the previously reported mouse K6hf protein
sequence (Accession no. AF343088). Comparison of this cDNA
clone to the genomic clone obtained in silico revealed that mK6hf
is about 9.1 kb long. The structure of this mouse gene is identical
to all human and mouse type II keratin genes cloned to date, with
nine protein-coding exons separated by eight introns located at
conserved positions (data not shown). The mouse K6hf protein is
predicted to be 551 amino acids in length, with a molecular weight
of 59740 Da. As previously noted (Winter et al, 1998; Wojcik et al,
2001), K6hf protein is more related to K5 than to conventional K6
isoforms in primary structure (analysis not shown).
Further analysis of the sequence information available at the
mouse genome database (www.ensembl.org) revealed that
mK6hf is located about 108 kb from the 30 end of mK6b (Fig 1A).
All the keratin genes occurring in this area, including mK6irs,
mK5, mK6a, mK6b, and mK6hf, display the same transcriptional
orientation. Downstream from mK6hf, less than 25 kb away (Fig
1A), lies the mHb2 gene, which marks the boundary of a
subcluster of genes encoding hard epithelial keratins. The
ordering and orientation of these type II keratin genes on mouse
chromosome 15 are identical to those described for a region of
synteny contained on human chromosome 12 (Rogers et al,
2000; Langbein et al, 2003). As described previously for K6
isoforms (Takahashi et al, 1995), the organization of multiple
highly related genes in a head-to-tail fashion implies that they
are probably derived from a common ancestral gene through
successive gene duplication events.
Assessing mK6hf expression in mouse tissues via in situ
hybridization Producing immune reagents that are mono-
speci¢c for individual K6 proteins is a di⁄cult task because of
their multiplicity and especially their high homology. Thus we
utilized in situ hybridization for an initial characterization of
mK6hf expression in mouse tissues, and compared it to that of
mK17 in hair follicles. To maximize speci¢city, the sense and
antisense probes used correspond to the last exon of mK6hf,
which includes the entire 30 noncoding region. In addition,
frozen tissue sections were prepared from 129/SvJ wild-type
mice to avoid interference from melanin pigmentation and
maximize sensitivity. Applying the antisense probe showed that
mK6hf transcripts are clearly present in the companion layer of
anagen-stage follicles, consistent with previously reported data
based on in situ hybridization and/or antibody staining (Winter
et al, 1998; Wojcik et al, 2001). In addition, however, our studies
revealed a strong signal for mK6hf mRNA in the upper hair
matrix compartment, in cells located close to the dermal papilla,
and especially in the medulla of the hair shaft (Fig 1B, C). The
use of control sense probe con¢rmed the speci¢city of the signal
(Fig 1D). Identical ¢ndings were obtained in all types of hair in
tissue sections prepared from trunk, whisker pad, and tail skin
(see vibrissae follicle in Fig 1E), as well as in anagen-stage skin
tissue prepared from a di¡erent strain of mouse, C57Bl/6 (data
not shown). This expression pattern in anagen-stage hair follicles
is reminiscent of that seen for K17 protein (Fig 1F) (McGowan
and Coulombe, 1998a, 2000). mK6hf transcripts persist at the base
of the involuting catagen-stage hair follicles, but cannot be
detected in telogen-stage follicles (data not shown), suggesting
that the gene is regulated in a hair-cycle-dependent fashion.
We next looked at other key tissues where conventional K6
isoforms are expressed. The mK6hf mRNA is also detected in
nail tissue, where it is restricted to the nail bed (Fig 1H). Unlike
conventional K6 isoforms (Takahashi et al, 1998;Wong et al, 2000)
or K17 (McGowan and Coulombe, 1998a, 2000), however, no
signal is detected in other compartments of the nail or in glands,
or in activated epithelium in the context of acute skin wounds
(data not shown). In the oral mucosa, mK6hf mRNA is
restricted to the fungiform papillae of the dorsal tongue
epithelium (Fig 1I). Again, this is unlike conventional K6
isoforms and K17, whose distribution is considerably broader in
the oral mucosa and includes the ¢liform papillae (McGowan
and Coulombe, 1998a; Takahashi et al, 1998;Wong et al, 2000).
K6hf expression in human medullated hairs In their original
report,Winter et al (1998) examined hK6hf expression in human
scalp skin, which contains nonmedullated hairs, using in situ
hybridization and indirect immuno£uorescence. In this instance,
the K6hf antigen is clearly restricted to the companion layer (Fig
2A). To assess the distribution of K6hf in medullated hairs,
male facial (beard) follicles were processed for indirect immuno-
£uorescence using a previously described polyclonal antiserum
monospeci¢c for hK6hf (Winter et al, 1998). In this case, besides
the companion layer, the upper hair matrix compartment and
especially the medulla stain positively with this antiserum (Fig
2BD). This establishes that the regulation of K6hf gene
expression is conserved between human and mouse hair follicles.
mK6hf expression in mK6a/mK6b null skin tissue The guinea
pig antiserum raised against an hK6hf C-terminal peptide
(Winter et al, 1998) reacts with other antigens on mouse tissue
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Figure1. Genomic mapping and regulation of mK6hf. (A) Location
of mK6hf relative to neighboring functional genes within the cluster of
type II keratin genes on mouse chromosome 15. All genes exhibit the same
orientation, with transcription proceeding towards the centromere (left).
(B), (C), (D), (E), (H), (I) Analysis of the distribution of mK6hf mRNA in
mouse tissues via in situ hybridization. (B) Anagen-stage back skin hybri-
dized with antisense probe. (C) Higher magni¢cation from (B) showing
the bulb region of an individual hair follicle. (D) Serial section to (C) hy-
bridized with control sense probe to mK6hf. (E) Vibrissae hair follicle hy-
bridized with mK6hf antisense probe. (F), (G) Peroxidase-based detection
of K17 (F) and BrdU (G) antigens in anagen-stage hair bulbs. Arrows point
to BrdU nuclei in (G). (H), (I) Sections of nail (H) and dorsal tongue
epithelium (I) hybridized with the antisense probe to mK6hfmRNA. Note
that in contrast to (B)(D) and (H)(I), (F) and (G) correspond to sections
prepared from pigmented mouse skin. Abbreviations are as follows: bed,
nail bed; cl, companion layer; dp, dermal papillae; um, upper matrix com-
partment; med, medulla; np, nail plate. Bars: 50 mm.
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sections (data not shown), limiting its usefulness to western
blotting and transfected cells in culture (see below).We exploited
two rabbit polyclonal antisera directed against conventional K6-
derived peptides in an attempt to assess the distribution of
mK6hf in relevant mK6a/mK6b null tissues. The K6gen peptide
antiserum was made against a 9-mer peptide that is perfectly
conserved in all known conventional K6 isoforms in human and
mouse (McGowan and Coulombe, 1998a). The K6a peptide
antiserum was made against a distinct 12-mer peptide that
corresponds exactly to the C-terminus of K6a. Application of
K6gen peptide antiserum for western immunoblotting or
indirect immuno£uorescence on materials derived from K6a/K6b
null mice gives rise to no immunoreactivity, as reported
previously (Wong et al, 2000). In contrast, the K6a peptide
antiserum reacts with an approximately 60 kDa antigen on
western blots, and immunostains speci¢c epithelial compart-
ments in K6a/K6b null mice (see below). To con¢rm the identity
of this antigen as K6hf, we generated partially puri¢ed
preparations of recombinant mK6a, mK6b, and mK6hf as well
as hK5, and subjected them to western immunoblotting. We
found that the K6gen peptide antiserum readily reacted with
both mK6a and mK6b, but not with either mK6hf or hK5 (Fig
3A). On the other hand, the K6a peptide antiserum reacted with
mK6a, mK6b, and mK6hf, but not with hK5 (Fig 3A). This is
consistent with the notion that ¢ve out of the nine C-terminal
most amino acids in the peptide used to produce the K6a
antiserum are conserved in mK6hf (data not shown). Moreover, a
single band comigrating with puri¢ed mK6hf reacted with the
K6a peptide antiserum in total protein extracts prepared from
mK6a/mK6b null skin and in clippings prepared from medullated
hairs (Fig 3B). These experiments con¢rmed that the K6a peptide
antiserum could be used to map the distribution of mK6hf if
applied to samples harvested from K6a/K6b null mice.
On frozen sections prepared from mK6a/mK6b null trunk skin,
the K6a peptide antiserum labels the companion layer as expected
(Wojcik et al, 2001). In addition, we ¢nd that the medulla of the
hair stains strongly whereas the upper matrix epithelium stains
less strongly, but consistently so (Fig 3D). A similar distribution
Figure 2. Immuno£uorescence microscopy of K6hf in human hair
follicles. Fresh frozen sections were reacted with a guinea pig antiserum
speci¢c for hK6hf followed by a Cy3-conjugated secondary antibody. Nu-
clei were revealed by incubation with DAPI. (A) Scalp hair follicle, which
is typically nonmedullated. K6hf is restricted to the companion layer. (B),
(B0) Fluorescence and phase contrast imaging of a beard hair follicle show-
ing a prominent medulla compartment. In this instance, the upper matrix
(um) and medulla (med) are strongly immunoreactive in addition to the
companion layer. (C), (C0) Higher magni¢cations showing the distribution
of K6hf antigen in the upper matrix (um) compartment, immediately
above the dermal papilla (dp; see arrowheads). (D), (D0) Higher magni¢ca-
tions showing the distribution of K6hf antigen in the mid-medulla region.
Note that a rupture took place in the companion layer. The upper part of
this layer remained attached to the outer root sheath, whereas the lower
part remained attached to the Henle layer and shows up as a thin band (in-
dicated by cl and an open arrow) extending down towards the hair bulb.
Other abbreviations are as follows: co, cortex; He, Henle layer; IRS, inner
root sheath; ORS, outer root sheath. Bars: (A)(C) 100 mm; (D) 50 mm.
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Figure 3. Detection of K6hf antigen in mK6a/mK6b null samples.
(A)(C) Analysis of keratin antigens via electrophoresis and western im-
munoblotting. (A) Reactivity pro¢le of partially puri¢ed preparations of
hK5, mK6a, mK6b, and mK6hf recombinant proteins. The rabbit polyclo-
nal antisera tested consist of ‘‘K6gen’’ and ‘‘K6a’’ (see text for details). A
Coomassie Blue (CB) stained gel is shown as loading control. (B)
‘‘K6gen’’ reactivity pro¢le of total urea-extractable proteins from skin and
hair clippings prepared from both wild-type (K6þ /þ ) and K6a/K6b
double-null (K6/^) mice. ACoomassie Blue stained gel is again shown as
loading control. (C) Analysis of K6hf antigen in total urea-extractable pro-
teins prepared from wild-type (K17þ/þ ) and K17 double-null (K17/^)
hair clippings. A polyclonal antiserum raised against human K6hf is used.
AE13, a monoclonal antibody reacting with type I hair keratins, is shown
as loading control. (D), (E) Fresh frozen sections from K6a/K6b double-
null mice reacted with the ‘‘K6a’’ polyclonal antiserum followed by a £uor-
escein isothiocyanate conjugated secondary antibody. As these preparations
are null for both mK6a and mK6b, the signal seen corresponds to K6hf
antigen. (D) Back skin, showing an anagen-stage hair follicle. (E) Tail skin,
again showing an anagen-stage hair follicle. (F) Nail tissue. Abbreviations
are as follows: bed, nail bed; cl, companion layer; dp, dermal papillae; um,
upper matrix compartment; med, medulla; np, nail plate; pnf, proximal
nail fold. Bars: 50 mm.
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was seen on sections through whisker pads, which include large
vibrissae follicles (data not shown), as well as in tail skin (Fig
3E). In paw tissue sections, immunoreactivity is seen in the nail
bed (Fig 3F) but not in the matrix or any other area of the nail
or eccrine sweat gland. In the oral mucosa, immunoreactivity is
restricted to the fungiform papillae of the tongue (data not
shown). Likewise, unlike conventional isoforms, we ¢nd that
mK6hf is not induced at the edge of skin wounds or in
migrating keratinocytes (data not shown). Therefore, immuno-
localization of mK6hf antigens in K6a/K6b null mouse tissue
con¢rms and extends the in situ hybridization data reported
above for wild-type mice. In addition, our results expand the
notion that the regulation of K6hf is not signi¢cantly altered in
K6a/K6b null mouse tissues (Wojcik et al, 2001).
K6hf and K17 probably partner up for keratin ¢lament
assembly in hair tissue The type I keratin 17 is expressed in
all the compartments of the anagen-stage hair follicle in which
K6hf occurs (Fig 1F). The identity of the pairing partner for
K17 in the hair medulla is unknown, as neither K5 nor the
conventional K6 isoforms K6a and K6b can be detected in this
compartment (McGowan and Coulombe, 1998a, 2000). To assess
whether mK6hf and mK17 were capable of coassembly into
keratin ¢laments in vivo, we performed transfection assays in
PtK2 cells, which express keratins typical of nonstrati¢ed
epithelia. Transient expression of mK6hf alone (Fig 4A, A00), or
its coexpression with mK17 (Fig 4B, B00), gives rise to typical
¢lament arrays in the cytoplasm of PtK2 cells. The latter extends
recent in vitro ¢ndings from Hofmann et al (2002) in supporting
the notion that hK6hf and hK17 are part of the same keratin
polymers in hair tissue in vivo. We also examined the levels of
mK6hf antigen(s) in total protein extracts prepared from mK17
null hair clippings (McGowan et al, 2002). We found that,
relative to wild-type control, K6hf antigen levels are decreased
in mK17 null hair proteins (Fig 3C). The notion that K6hf and
K17 depend on one another for stability in hair shaft tissue is
consistent with a partnership towards keratin ¢lament assembly
in the medulla.
DISCUSSION
Implications for the function of mK6hf and related keratin
genes The literature is confusing with regard to the
nomenclature of K6 genes. The designation ‘‘K6’’ was originally
made in the landmark keratin catalog paper by Moll et al (1982)
to re£ect the migration position, relative to the other known
keratins, of a 56 kDa protein subjected to two-dimensional
PAGE. Subsequent analysis of the distribution of this 56 kDa
keratin in human epithelia (e.g.,Weiss et al, 1984), along with its
molecular cloning (Tyner et al, 1985;Tyner and Fuchs, 1986), sealed
the identity of ‘‘K6’’ as a keratin that normally occurs in speci¢c
cell types within epithelial appendages. In addition, ‘‘K6’’ was
found to be strongly inducible in several complex epithelia,
including epidermis, upon acute or chronic challenges, such as
injury, infections, and diseases such as psoriasis and carcinomas
(reviewed in McGowan and Coulombe, 1998b). It turns out that
the human, bovine, and mouse genomes each feature multiple
genes encoding such ‘‘conventional’’ K6 keratins, which are
highly analogous in primary structure (495% identity) but
di¡erentially regulated (Tyner and Fuchs, 1986; Ramirez et al,
1995; Takahashi et al, 1995, 1998; Rothnagel et al, 1999). For
instance, hK6a and mK6a account for the bulk of K6 transcripts
present in skin appendages, whereas hK6a and hK6b, and mK6a
and mK6b, are all inducible in epidermis upon exposure to a
suitable stimulus (Tyner and Fuchs, 1986; Takahashi et al, 1995,
1998; Rothnagel et al, 1999). Whereas the logic behind the
nomenclature devised by Moll et al was very useful over a period
of nearly two decades, it could not accommodate the plethora of
new keratin genes recently discovered in the context of database
mining e¡orts. Researchers thus have used the designation
‘‘K6hf ’’ (Winter et al, 1998) and ‘‘K6irs1^4’’ (Aoki et al, 2001;
Langbein et al, 2002, 2003) to re£ect the notion that these newly
discovered keratins were comparable in charge and size to the
‘‘conventional’’ K6 proteins, even though they are clearly distinct
at the level of primary structure and regulation.
We show here that mK6hf is regulated in a more complex
manner than previously reported for human and mouse hair
follicles. Earlier studies had shown that K6hf occurs in the
companion layer of human scalp hair follicles (Winter et al,
1998), which are nonmedullated, and mouse pelage hair follicles
(Wojcik et al, 2001). This single layer of £attened cells is adjacent
to, and attached to the outermost layer of, the inner root sheath
via desmosomes and tight junction-related structures (Langbein
et al, 2002, 2003). As it turns out, mK6hf is also expressed in
upper matrix cells within the hair bulb, and in the medulla of
the hair shaft in both species. The regulation of K6hf gene
expression varies depending upon the stage of the hair follicle
cycle ^ notably, the gene is not expressed in telogen-stage hair
follicles. At another level, we showed that the steady-state levels
of K6hf protein show a dependence upon the coexistence of K17
protein in the hair shaft, suggesting a direct interaction between
these two proteins. In further support of this, K6hf and K17 can
coassemble into keratin ¢laments both in vitro (Hofmann et al,
2002) and in vivo (this study).
Given its obvious relationship to conventional K6 proteins and
especially to K5 at the level of primary structure, the issue of why
K6hf evolved as a distinct keratin gene is unresolved at this point.
Evidence from gene inactivation studies in mouse suggests that
the presence of K6hf could account for the lack of hair and nail
alterations in the absence of K6a and K6b proteins (Wojcik et al,
2001). The nail, in particular, is severely a¡ected in patients
su¡ering from pachyonychia congenita as a result of mutations
a¡ecting hK6a or hK6b (Bowden et al, 1995; Smith et al, 1998). At
least in mouse, therefore, K6hf may be able to ful¢ll the
function(s) of conventional K6 proteins in the companion layer
K6hf
A A' A''
B B' B''
K6hf K8/K18
K17
Merge
Merge
Figure 4. Transient expression of K6hf, alone or with K17, in epithe-
lial cells in culture. PtK2 kidney epithelial cells, which exhibit a nicely
extended cytoplasmic network of intermediate ¢laments made up of the
simple epithelial keratins K8 and K18, were transiently transfected with
plasmids in which the expression of the mouse K6hf cDNA (A, A0 0) and
mouse K6hf and K17 cDNA (B, B0 0) are placed under the control of a cyto-
megalovirus promoter. The identity of the antigen detected is indicated in
the upper right corner of each micrograph. In (A) the transfected K6hf antigen
is detected with the ‘‘K6a’’ rabbit polyclonal antiserum. In (B) the K6hf
antigen is detected with the guinea pig polyclonal antiserum directed
against human K6hf. Bar: 50 mm.
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and nail bed. This said, mK6hf cannot substitute for the crucial
role of mK6a and mK6b during wound repair in the skin,
owing in part to the notion that it is not upregulated in
response to acute challenges (Wong and Coulombe, 2003).
Insight into the function(s) of K6hf in various epithelial settings
may come from studies of additional, yet-to-be developed mouse
models, and of patients with diseases arising as a result of defects
in the K6hf sequence.
The matrix progenitor compartment is organized in a
fashion re£ecting the mature hair follicle The matrix tissue
within the hair bulb consists of a population of rapidly dividing
epithelial cells that give rise to seven major histologic
compartments contributing to the genesis of a hair follicle.
Three of these compartments are part of the hair shaft per se
(medulla, cortex, cuticle, from inside out), another three make
up the inner root sheath (cuticle, Huxley’s and Henle’s layers,
from inside out), and the last one is the companion layer. The
issue of how rapidly dividing precursor cells sort themselves into
the complex geometry of a mature follicle, in which these seven
layers are organized in a speci¢c pattern of concentric circles, is
important but poorly understood. Our in situ hybridization and
indirect immuno£uorescence data suggest that the direct cellular
precursors to the medulla are located in the innermost region of
the matrix, i.e., cells located close to the basal lamina separating
the matrix from the dermal papillae. Relating these data to
mitotic activity in the hair bulb region provides additional
insight. A relatively short BrdU pulse (2 h) in anagen-stage skin
in the mouse su⁄ces to label a relatively large fraction of the
nuclei found in the matrix (Fig 1G). Labeled nuclei are most
frequent in the lowermost half of the bulb region, although it is
not uncommon to see labeling in the upper portion of the hair
bulb, even in the context of a short BrdU pulse (see arrows in
Fig 1G). On the other hand, the distribution of BrdU-labeled
nuclei in the matrix appears unrestricted along the antero-
posterior axis. Given this, it appears likely that onset of mK6hf
expression is initiated in cells that are still dividing or relatively
early after exit from the cell cycle, and which are located in a
narrow zone of the matrix close to the basal lamina (compare
Fig 1C and 1G).
The argument for a spatial segregation of distinct precursor
pools within the matrix is further supported by in situ
hybridization and indirect immuno£uorescence data for
individual hair keratin genes. Onset of Ha5 and Hb5 expression
occurs in upper matrix/early cortex cells located approximately
two epithelial cell layers away from the dermal papilla
(Langbein et al, 1999, 2001). Moreover, onset of expression of
hair-cuticle-speci¢c genes such as Ha2 and Hb2 occurs further
away from the dermal papilla, in a narrow zone located next to
the cells expressing Ha5 and Hb5 (Langbein et al, 1999, 2001). The
distribution of mRNA transcripts for these compartment-speci¢c
markers thus suggests that the direct cellular progenitors to each
of the three compartments of the hair shaft are organized in a
manner re£ecting the concentric layers making up the mature
hair shaft. In support of this notion, recent evidence suggests
that stem cells are already committed to speci¢c epithelial
lineages as they migrate down from the bulge to give rise to a
new matrix compartment at the onset of anagen (see Fuchs et al,
2001, and references therein).
Finally, it is worth noting that the 50 upstream region of most
hair keratin genes features consensus binding sites for the lef-1/Tcf
family of HMG-box containing transcription factors (50 -
CTTTGA/TA/T-30; see Zhou et al, 1995; Dunn et al, 1998; Rogers
et al, 1998, 2000). The promoter of some of these genes has been
shown to be directly transactivated by transcriptionally active lef-
1/b-catenin complexes in heterologous systems (Zhou et al, 1995;
Dunn et al, 1998; Merrill et al, 2001). Moreover, such lef-1/b-
catenin-mediated gene transcription occurs in the upper matrix
compartment within the hair bulb in vivo (DasGupta and Fuchs,
1999), raising the possibility that a Wnt signal could in£uence
mK6hf (and mK17) expression in medulla precursor epithelial
cells. In support of this possibility, analysis of the proximal 2.5
kb of the 50 upstream region in mK6hf reveals the presence of
¢ve sites matching the consensus for lef-1/Tcf binding. Such sites
also exist in mK17 (McGowan and Coulombe, 1998a), as well as in
the proximal 50 upstream sequence of other genes known to be
expressed in the medulla but not the cortex of the hair,
including trichohyalin and the recently discovered SH3d19 (see
Shimomura et al, 2003). Whether Wnt signaling contributes to
mK6hf and mK17 expression in the hair medulla in vivo, and how
it may be modulated to foster medulla- versus cortex-speci¢c gene
expression, is worth examining in future studies.
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